Abstract Magnetic glucose-functionalized graphene nanosheets (GNS) were prepared, and the application of these biosorbents in the removal of methylene blue was investigated. Fe 3 O 4 nanoparticles were deposited on sweet GNS using coprecipitation. The nanocomposites were analyzed by Fourier transform infrared spectroscopy, field emission scanning electron microscopy, transition electron microscopy, vibrating sample magnetometer and X-ray diffraction spectrometry. The resulted magnetic sweet GNS were superparamagnetic, responded quickly to an external magnetic field and exhibited efficient adsorption toward methylene blue, as a cationic dye. No leaching was observed even after a week of placing a magnet close to the vial containing the solution of magnetic sweet GNS.
Introduction
In recent decades, magnetite (Fe 3 O 4 ) nanoparticles (NPs) have gained global attention in many areas of science particularly as separation tools due to their unique size-and morphology-dependent physical and chemical properties as well as being biocompatible and possessing significant magnetism (Indira and Lakshmi 2010) . Despite the advantages, Fe 3 O 4 NPs tend to aggregate, are sensitive to oxidation and show low dispersibility in aqueous solutions (Yao et al. 2012) . To overcome these difficulties, several approaches such as introducing a shell structure including silica , polymer (Shin and Jang 2007) and noble metals (Cho et al. 2005; He et al. 2010; Xie et al. 2012 ) have been studied.
Graphene (Novoselov et al. 2004 ), a single atom thick of sp 2 -bonded carbon atoms, possesses a large surface area, flexibility, chemical stability and very high electrical conductivity which makes it a very fascinating material in vast areas of nanoscience and nanotechnology (Zhu et al. 2010) . Graphene has proved to be a very suitable substrate for the chemical deposition of many types of NPs (Liu et al. 2013 ) presenting the outstanding properties of each component, thus resulting in a promising material in various fields. Among all the graphene-based nanocomposites reported to date, graphene/Fe 3 O 4 composites (Yang et al. 2009; Shen et al. 2010) or hybrids (Namvari and Namazi 2014c; He et al. 2010; Xie et al. 2012; Zhan et al. 2011) have been attracted a great deal of interest due to their potential applications in enhanced optical limiting, energy storage, magnetic resonance imaging (MRI), drug delivery and environmental remediation (Liu et al. 2013; Li et al. 2011a, b; Zhang et al. 2010; Cong et al. 2010; Namazi 2014a, c, 2015) . It is worth mentioning that graphene nanosheets (GNS) prevent anchored NPs from agglomeration, while magnetic NPs keep GNS from aggregation. Three methodologies were introduced to prepare magnetic GNS which have their own merits and drawbacks (Indira and Lakshmi 2010) . Carbohydrates (Kabiri and Namazi 2014a, b) are known to stabilize Fe 3 O 4 NPs. Chitosan and carboxymethyl chitosan have shown good results (Zhu et al. 2008) . Li et al. (2008) have covalently attached Fe 3 O 4 NPs onto chitosan. Chang et al. (2011) have synthesized magnetic NPs in the presence of soluble starch, carboxymethyl cellulose and agar. FTIR spectra of the samples showed that strong interaction between Fe 3 O 4 NPs and polysaccharides has controlled the growth of the NPs.
Discharge of dyes to surface and underground water has been of great concern to scientist, and several technologies have been developed in this regard, e.g., biological treatment (Kornaros and Lyberatos 2006) , coagulation/flocculation (Guibal and Roussy 2007) , ozone treatment (Zhao et al. 2006) , chemical oxidation (Dutta et al. 2001) , membrane filtration (Capar et al. 2006) , ion exchange (Liu et al. 2007 ), photocatalytic degradation (Muruganandham and Swaminathan 2006) and adsorption (De Lisi et al. 2007 ). Adsorption, specifically using carbon-based materials, has already drawn considerable attention for the removal of organic dyes because of their high surface area, high stability and abundant functional groups on their surfaces Monash and Pugazhenthi 2009; Wang et al. 2011) . Graphenic materials are among the most desirable adsorbents among carbonaceous materials (Ramesha et al. 2011; Kui et al. 2012) . Introduction of magnetic NPs into graphene will combine the high adsorption capacity of graphene and separation convenience of the magnetic materials which make them very interesting (Li et al. 2011a, b) . The preparation of magnetic graphene composites and their application in dye removal systems have been reported in the literature (Yao et al. 2012; Xie et al. 2012; Wang et al. 2011; Ai et al. 2011; Geng et al. 2012; Sun et al. 2011) .
Herein, we report a novel strategy which can solve the problems associated with the previously reported graphene/ Fe 3 O 4 composites. Toward this goal, glucose-functionalized GNS via click reaction using two different approaches (Namvari and Namazi 2014b) were used as substrates and deposition of Fe 3 O 4 NPs was performed using co-precipitation. In this approach, not only magnetic NPs anchor strongly onto hydroxyl groups of glucose moieties which lowers leaching a great deal but also leads to uniform particle size and good dispersion in aqueous media. The resulted magnetic biosorbents showed good efficiency in the removal of methylene blue (MB) from aqueous solutions.
Materials and methods

Materials
Graphite (average particle size 30 lm, Merck, Germany) was used without further purification. Ferrous chloride tetrahydrate (FeCl 2 .4H 2 O), ferric chloride hexahydrate (FeCl 3 .6H 2 O) and ethanol were used as received without further purification. Methylene blue (MB) was used to prepare stock solutions of 100 mg L -1 , which was further diluted to the required concentrations. All the reagents were purchased from Merck, Germany. Deionized water (DI water) was used in all experiments.
Instrumentation
Infrared spectra were obtained on a Fourier transform infrared (FTIR) spectrometer (model Aquinox 55, Bruker Instruments, Germany) in the 4000-400 cm -1 range at a resolution of 0.5 cm -1 as KBr pellets. The XRD patterns of all powder samples were recorded on an X-ray diffractometer (D500, Siemens, Germany) using a Cu Ka (k = 1.54 A) radiation source (30-40 kV and 40-50 mA) in the range of 2h = 4°-70°. Room temperature magnetic properties of the composite were characterized using vibrating sample magnetometer [Iran Plasma Nano Colloid (PNC), Model: PNC1k or PNC8K, Iran]. Scanning electron micrographs (SEM) were obtained using a field emission scanning electron microscopy (MIRA3 FEG-SEM, Tescan, Czech Republic) operating at 10 kV. Transmission electron micrograph (TEM) was conducted by transmission electron microscope (LEO 906E Carl Zeiss, Germany) operating at 80 kV. UV-Vis absorption spectra were recorded on a Shimadzu 1700 Model UV-Vis spectrophotometer (Japan).
Methods
Preparation of magnetic glucose-functionalized nanocomposites
The magnetic glucose-functionalized composites were prepared by chemical deposition of iron ions using soluble glucose-modified GO as a substrate. During synthetic process, ideal Fe 3 O 4 NPs were obtained under the molar ratio of Fe 3?
:Fe 2? as 2:1. 0.5 g rGO-N 3 -Glc (Namvari and Namazi 2014b) was first sonicated in 30 mL diluted NaOH aqueous solution (pH 12) for an hour to transform the hydroxyl groups of glucose moieties to anions, followed by thorough dialysis until the dialysate became neutral. The resulting product was condensed to 20 mL and placed in a 100-mL three-necked round-bottom flask. A solution of FeCl 3 Á6H 2 O (0.022 mol) and FeCl 2 Á4H 2 O (0.011 mol) in water (20 mL) was added to the flask. The mixture was stirred at 70°C for 15 min. Then 2 mL ammonium hydroxide was added. The mixture was kept stirring at 70°C for further 4 h. Then the mixture was washed with water to neutral pH, and rGO-N 3 -Glc-Fe 3 O 4 was dried under vacuum at 45°C for 12 h. The procedure to the preparation of rGO-diazide-Glc-Fe 3 O 4 was the same as mentioned.
Adsorption experiments
Effects of contact time, solution pH and the related isotherm were studied individually. Typically, adsorption experiments were carried out in glass bottles at 25°C. Twenty-five milliliters of dye solution of a known initial concentration was shaken with 0.025 g of magnetic glucose-functionalized GO nanocomposite on a shaker at 200 rpm at 25°C. To evaluate the time effect, at the completion of preset time intervals, a 5 mL dispersion was drawn and separated immediately by the aid of a magnet to collect the adsorbent. The equilibrium concentrations of dyes were measured with a UV-Vis spectrophotometer at appropriate wavelength corresponding to the maximum absorbance, 664 nm for MB. The amount of dye adsorbed was calculated using the following equation:
where q e is the concentration of dye adsorbed (mg g -1 ), C o and C e are the initial and equilibrium concentrations of dye in mg L -1 , respectively, V is the volume of dye solution (L), and m (g) is the weight of the adsorbent used.
The effect of pH on the adsorption of MB was studied in a pH range of 2-10 using 25 mL of solutions with MB concentrations of 20 mg L -1 . The initial pH values of the solutions with certain amount of adsorbent and dye were adjusted with 0.1 M HNO 3 or NaOH using a pH meter. After magnetic separation using a magnet, the equilibrium concentrations of dyes were measured as mentioned earlier.
For adsorption equilibrium experiments, fixed adsorbent dose (25 mg) was weighed into 50-mL conical flasks containing 25 mL of different initial concentrations (20-120 mg L -1 ) of MB. The mixture was shaken for 5 h at 25°C until equilibrium was obtained. Then the adsorbent was separated from solution by an external magnet. The concentration of MB in the solution was measured using a UV-Vis spectrophotometer.
Results and discussion
We previously reported the synthesis of glucose-functionalized GNS via click reaction (Namvari and Namazi 2014b) . Here, the related magnetic composites of the mentioned hydrophilic GNS are prepared, and their structures are illustrated in Scheme 1.
Characterization of the magnetic nanocomposites
The superparamagnetic behavior of the magnetic composites was verified using an external magnet as shown in Fig. 1 . When a magnet was placed close to the vial containing the composites, they readily aggregated to the wall of the vial which proved that the Fe 3 O 4 NPs have successfully and strongly deposited on the glucose-functionalized GNS and made them magnetically responsive.
The FTIR spectra of glucose-grafted GNS and the related magnetic composites are shown in Fig. 2 . The -C-O-stretching peaks of sweet GNS, which are seen at 1000-1200 cm -1 , shifted to lower wavenumbers (1021 and 1033 cm -1 , respectively) in the presence of Fe 3 O 4 , indicating that an interaction existed between the GNS and Fe 3 O 4 . Besides, the signals assigned to O-H of glucose moieties at 3000-3500 cm -1 have shifted (3311 and 3428 cm -1 , respectively) and reduced in intensity due to the interaction with magnetic NPs as expected. Fig. 4 demonstrate that the prepared magnetic NPs were spherical, narrowly distributed, well dispersed on the basal planes of GNS and firmly anchored on the GNS with high density. It can be observed that the graphene sheets are distributed between the loosely packed Fe 3 O 4 NP and the nanoporous composites with void spaces are formed. Notably, functionalized graphene sheets may favor to hinder the Fe 3 O 4 spheres from agglomeration and enable their good distribution on the sheets, while the Fe 3 O 4 spheres serve as a stabilizer that separate GNS against the aggregation. This can be of great benefit to modification of GO sheets with carbohydrates.
The TEM images of the composites (Fig. 5) glucose-grafted graphene. Furthermore, carbohydrates could form hybrids with metal ions due to their high number of coordinating functional groups; therefore, nucleation and initial crystal growth of the NPs may have occurred preferentially on glucose moieties . The average particle size of the iron oxide NPs was determined to be 15 nm in rGO-N 3 -Glc-Fe 3 O 4 and 19 nm in GO-diazide-Glc-Fe 3 O 4 which are consistent with the average particle size calculated from the Scherrer's relation in X-ray diffraction patterns (14 and 17 nm, respectively). Figure 6 shows the magnetization of sweet GNS as a function of the magnetic field at 25°C. Their magnetization increased with an increase in the magnetic field. Moreover, the magnetic hysteresis loops are S-like curves and have no coercivity and remanence, implying that there is no remaining magnetization when the external magnetic field is removed. These results indicate that the magnetic composites exhibit typical superparamagnetic behavior, and the single-domain magnetite NPs remained in the composite . The VSM plots present values of 44.2 and 33.8 emu g -1 for the saturation magnetization (M s ) of rGO-N 3 -Glc-Fe 3 O 4 (a) and rGO-diazide-Glc-Fe 3 O 4 (b), respectively. The obtained results are much lower than that of the bare Fe 3 O 4 particles reported in the previous literature (Hong et al. 2009 ). Lower M s can be due to the smaller size of the iron oxide NPs and also the contribution of the nonmagnetic graphene layers (Ai et al. 2011 ).
The leaching of the solution of the magnetic sweet GNS was studied as well. Specific amount of the composites were sonicated in water for 2 min. An external magnetic field was placed close to the vial. The composites quickly aggregated to the wall of the vial. They were observed over a month, and they kept aggregated, and no leaching was observed, indicating that Fe 3 O 4 NPs were strongly attached to the GNS due to the presence of glucose moieties.
Adsorption studies
Efficient magnetic response of the prepared composites and the importance of water contamination are the main reasons we decided to study the application of the composites in the removal of MB, as a typical cationic dye, from aqueous solutions. The effect of contact time on the amount of dye adsorbed was investigated at an initial dye concentration of 20 mg L -1 (Fig. 7a) . It took 30 min for rGO-N 3 -Glc-Fe 3 O 4 (a) and rGO-diazide-Glc-Fe 3 O 4 (b) to reach equilibrium. The short equilibrium time needed indicates that the hybrid has high adsorption efficiency to remove cationic dyes from contaminated water. In our previous reports, it took 20 min for Fe 3 O 4 -clicked GO (Namvari and Namazi 2014a) and 30 min for GO-CA-Fe 3 O 4 (Namvari and Namazi 2014c) to reach equilibrium in the adsorption of MB. Our obtained results are comparable with the ones reported previously (Yao et al. 2012; Xie et al. 2012) . The effect of pH on the adsorption of MB was investigated over the range of pH values from 2 to 10 (Fig. 7b) . Capacity and the rate of adsorption were low in lower pH values, but enhanced as the pH increased due to the ionization of glucose moieties. The rate of adsorption increased rapidly up to pH 7, but no significant change was observed afterward. pH influences surface charge of adsorbent, ionization degree of adsorbate and dissociation of the functional groups on the active sites. Even though hydroxyl groups of glucose moieties are involved with the Fe 3 O 4 NPs, in higher pHs, their dissociation and electrostatic interaction leads to an increase in the adsorption of MB. A decrease in adsorption in low pH can be due to the protons competition with the dye molecules for the available adsorption sites (Namvari and Namazi 2014c) . The obtained results are in good agreement with the adsorption of MB by GO ) and GNS/Fe 3 O 4 (Ai et al. 2011) .
The adsorption isotherms of MB onto the magnetic composites are shown in Fig. 8 . The maximum adsorption capacities at the dye concentration range of 20-120 mg g -1 were attained 111 mg g -1 for rGO-N 3 -Glc-Fe 3 O 4 (a) and 105 mg g -1 for rGO-diazide-Glc-Fe 3 O 4 (b). To compare the efficiency of the synthesized magnetic composites, maximum capacities of the previously reported adsorbents are given in Table 1 .
Conclusion
In this work, magnetic composite of two types of sweet GNS was prepared. The attachment of Fe 3 O 4 NPs onto the sweet GNS was confirmed by FTIR, FESEM, XRD and TEM.
Moreover, the magnetic composites show excellent superparamagnetic properties, which help in the separation of the hybrid materials. The presence of glucose moieties on graphene sheets has not only led to the strong attachment of Fe 3 O 4 onto the GNS but also made these magnetic nanohybrids efficient adsorbents for the removal of cationic dyes such as MB. The maximum adsorption capacities were obtained 111 mg g -1 for rGO-N 3 -Glc-Fe 3 O 4 and 105 mg g -1 for rGO-diazide-GlcFe 3 O 4 . High adsorption capacity accompanied by the ease of separation by an external magnetic field makes the prepared magnetic biosorbents ideal candidates for removing organic dyes from polluted water. 
